Human malignant pleural mesothelioma (MPM) is considered a rare tumor, but recent estimations indicate that one-quarter million people will die of this neoplasm in Europe in the next three decades. The mineral asbestos is considered the main causative agent of this neoplasm. MPM is largely unresponsive to conventional chemotherapy/radiotherapy. In addition to asbestos exposure, genetic predisposition to asbestos carcinogenesis and to simian virus (SV) 40 infection has also been suggested. SV40 is a DNA tumor virus found in some studies to be associated at high prevalence with MPM. SV40 sequences have also been detected, although at a lower prevalence than in MPM, in blood specimens from healthy donors. However, some studies have failed to reveal SV40 footprints in MPM and its association with this neoplasm. These conflicting results indicate the need for further investigations with new approaches. We report on the presence of antibodies in serum samples from patients affected by MPM that specifically react with two different SV40 mimotopes. The two SV40 peptides used in indirect ELISAs correspond to viral capsid proteins. ELISA with the two SV40 mimotopes gave overlapping results. Our data indicate that in serum samples from MPM-affected patients (n = 97), the prevalence of antibodies against SV40 viral capsid protein antigens is significantly higher (26%, P = 0.043) than in the control group (15%) represented by healthy subjects (n = 168) with the same median age (66 y) and sex. Our results suggest that SV40 is associated with a subset of MPM and circulates in humans.
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antibody | neoplasia H uman malignant pleural mesothelioma (MPM) is considered a rare tumor, but recent statistical data estimate that one-quarter million people will die of this neoplasm in Europe in the next three decades. MPM is a highly aggressive neoplasm that leads to death in patients in a few months/years from the time of diagnosis (1) . The mineral asbestos is the main etiological agent of this neoplasm. Because MPM arises most frequently in workers exposed to asbestos fibers, this neoplasm is considered an occupational disease. The latency period of MPM after exposure to asbestos may reach 40 y or more. In Europe, the MPM peak is expected to occur around 2020-2025 (2). There is no standard curative therapy for MPM, which is largely unresponsive to conventional chemotherapy/radiotherapy. It has been shown that 2-10% of asbestos-exposed individuals may develop MPM (3). Because MPM onset occurs decades after asbestos exposure, subjects potentially at risk of developing this malignancy may benefit from early diagnosis (4) . At present there is no recognized specific marker for the diagnosis of MPM or for screening of at-risk asbestos-exposed individuals (5) . Recent investigations have allowed for the selection of putative markers such as osteopontin (6) and the soluble mesothelin-related protein (7) . However, additional studies found that osteopontin is not specific for MPM (8) , whereas mesothelin, once considered specific for the MPM epithelial subtype, has been found to be present in serum samples of asbestos workers, too (9) . So far, due to a lack of accurate tools and a curative treatment, screening for MPM is currently not recommended. Therefore, the detection of specific markers that can be useful for MPM screening and diagnosis is of paramount importance (10, 11) .
In addition to asbestos exposure, many investigations have found an association of MPM with oncogenic simian virus (SV) 40 (12, 13) . Indeed, many reports have detected SV40 sequences at high prevalence and the expression of its large tumor antigen (Tag) oncoprotein in MPM. A transforming synergistic action between asbestos fibers and SV40 has been proved in human, hamster, and murine mesothelial cells and in animal models (14) (15) (16) .
In MPM patients, genetic predisposition and specific susceptibility to asbestos carcinogenesis and to SV40 infection were also suggested (3, (17) (18) (19) . Contrasting reports have appeared in the literature on the presence of SV40 footprints in humans and its association with human tumors (20) (21) (22) . SV40 antibody detection had been attempted in several studies using serologic methods with SV40 virus-like particles (VLPs), but because of high protein homology among the three main polyomaviruses SV40, BKV, and JCV, the results were always affected by some cross-reactivity (23) (24) (25) (26) (27) (28) (29) (30) .
Considerable debate has developed in the scientific community (31) . Problems relating to SV40 infection in the human population and its contribution to human cancer were summarized in an evaluation by the Immunization Safety Review Committee established by the Institute of Medicine of the National Academies (32) . The committee concluded that "the biological evidence is strong that SV40 is a transforming virus, but it is of moderate strength that SV40 exposure from polio vaccine is related to SV40 infection in humans and that SV40 exposure could lead to cancer in humans under natural conditions." The committee also recommended the development of specific and To whom correspondence should be addressed. E-mail: tgm@unife.it or mrf@unife.it.
sensitive serologic tests for SV40 and the use of standardized techniques that should be accepted and shared by all laboratories involved in SV40 detection. A recent investigation reported that an indirect ELISA with SV40-specific synthetic peptides from its viral proteins was successfully used in detecting SV40 antibodies in serum samples from normal individuals, without crossreactivity with other closely related polyomaviruses such as BKV and JCV (33) .
In this investigation, serum samples from MPM-affected patients and healthy subjects, together with other controls, were analyzed for exposure to SV40 infection by an indirect ELISA using specific mimotopes from SV40 viral capsid proteins (33) .
Results
Serum samples from oncologic patients affected by MPM, together with controls, were analyzed by indirect ELISA for the presence of IgG-class antibodies against SV40 viral capsid protein (VP) mimotopes designated VP1 B and VP2/3 C (33) (Fig.  1 ). The ELISA indicated that seropositive samples for SV40 VP1 B were also found positive for SV40 VP2/3 C. Conversely, seronegative samples for SV40 VP1 peptide B failed to react with SV40 VP2/3 peptide C. The exceptions were negligible, represented by a few serum samples that were found negative for VP1 B whereas testing positive for VP2/3 C peptide, and vice versa. This difference, between the number of samples found positive for VP1 B and positive for VP2/3 C in the distinct cohorts analyzed, was not statistically significant (P > 0.05) ( Tables 1 and  2 ). In our study, sera were considered SV40-positive when reacting with both VP1 B and VP2/3 C peptides.
SV40-positive sera tested by indirect ELISA diluted at 1/20 had a general cutoff, by spectrophotometric reading, in the range of 0.17-0.19 OD (33) . Specifically, in serum samples from MPM patients (n = 97), the prevalence of specific SV40 VP antibodies was 26%, whereas in healthy subjects, the control group (n = 168), it was 15%. This difference is statistically significant (P = 0.043). MPM patient and control groups had the same median age (66 y) and sex (they were all males) ( Fig. 2 and Table 1 ). Serologic profiles of serum antibody reactivity to SV40 mimotopes are presented in Fig. 3 . The difference in OD mean value of sera from MPM and healthy subjects is not statistically significant (P > 0.05) (Fig. 3) .
In a second step of our investigation, we verified whether the prevalence of SV40 antibodies determined in serum samples from MPM patients differed from that of workers who had been exposed to asbestos, which is a natural oncogenic mineral with immunosuppressive activity (34, 35) . Our study indicated that the prevalence of SV40 VP antibodies detected in workers who had been exposed to asbestos (n = 90) is 9% ( Fig. 2 and Table  1 ). The comparative analysis indicates that the prevalence of SV40-positive sera is higher in MPM patients (26%) compared with that of workers who had been exposed to asbestos. This difference is statistically significant (P = 0.0046) ( Fig. 2 and Table 1 ). Interestingly, the reduced prevalence of SV40-positive sera in workers previously exposed to asbestos is very likely due to the immune-suppressive activity of asbestos (34, 35) . This prevalence was also analyzed in comparison with that of the control group represented by healthy blood donors (n = 174) with the same median age (54.5 y). The difference in prevalence is not statistically significant (15% vs. 9%, P = 0.19) (Fig. 2 and Table 2 ).
In a third step of our investigation, we analyzed by indirect ELISA the prevalence of SV40 VP mimotopes in a cohort of pregnant women (n = 94). This control group was introduced in this study because pregnancy induces a temporary state of immune depression/immune tolerance (36) , and thus would mimic the group of healthy workers exposed to asbestos. The prevalence of SV40 antibodies determined in serum samples from pregnant women was 13%. The comparative analysis indicated that the prevalence of SV40-positive sera is higher in malignant pleural mesothelioma patients (26%) compared with that of pregnant women. This difference is statistically significant (P = 0.036) ( Fig. 2 and Table 1 ). It is worth mentioning that the difference in prevalence of SV40 antibodies between pregnant woman (n = 94, 13%) and healthy blood donors (n = 125, 18%) with the same median age (36 y) is not statistically significant (P = 0.43) (Fig. 2 and Table 2 ).
Discussion
In our investigation, serum samples from MPM-affected patients and normal individuals were analyzed for their reactivity to SV40 VP mimotopes using indirect ELISA. Sera from MPM patients reacted against SV40 VP antigens with a higher prevalence (26%) compared with the cohort of controls represented by healthy individuals (15%). The difference is statistically significant. These results indicate that SV40 infection is associated with a subset of MPM and that SV40 antibodies are also present in the adult population, although at a lower prevalence.
The high prevalence of SV40 antibodies in serum samples from MPM patients seems to confirm earlier data obtained in investigations carried out with PCR techniques, which indicated a high prevalence of SV40 sequences in MPM DNA (13, 20) . Data obtained in normal individuals suggest that natural SV40 infection occurs in human populations with a prevalence lower than that of the ubiquitous JCV and BKV (60-90%) (25) . It is possible that SV40 is transmitted through contact in the human environment. Indeed, it has been shown that SV40 is present in urine, stool, tonsil, and blood specimens of carriers, suggesting Computer-assisted representation of the structure of the SV40 capsid virion refined at 3.1-Å resolution (60), which is publicly available at the Protein Data Bank (PDB) online archive (PDB ID code 1SVA). The macromolecular assembly of the functional form of the molecule is available from the same source. Crystallographic and noncrystallographic transformations, both rotational and translational, are needed to generate the biological assembly. The biological assembly was generated with the RasMol Molecular Graphics Visualization Tool (61, 62) available at www.rasmol.org. The VP1 peptide B (red) was mapped on VP1 capsid proteins, which are present 360 times in the virion. The lack of VP2 and VP3 crystallographic forms did not allow mapping peptide C on these capsid proteins.
that different routes of transmission are responsible for SV40 infection (37) (38) (39) (40) (41) (42) (43) (44) (45) .
Our data seem to confirm results obtained by earlier studies in subjects administered SV40-contaminated vaccines by different routes. In these individuals, SV40 was detected/isolated after a number of weeks or days, either in their stool or from their throat depending on oral or nasal spray administration of contaminated vaccines (46, 47) . At present, SV40 infection seems to occur independently from early contaminated vaccines. Indeed, many studies have reported SV40 sequences, serum antibodies against SV40, and SV40 isolation/rescue from subjects too young or too old to have been vaccinated with SV40-contaminated vaccines. Altogether, these investigations suggest that SV40 may be contagiously transmitted in the human population either directly by person-to-person contact or indirectly by orofecal and other routes (reviewed in refs. 20 and 31).
In healthy individuals (median age 66 y), the overall prevalence of the IgG class of SV40 antibodies is around 15%. It is important to note that SV40 prevalence in human sera from healthy subjects detected by our immunologic study does not differ substantially from that reported by a previous study carried out in the United States using neutralization testing against SV40 infectivity, which is considered the gold standard for measuring the presence of the SV40 antibody (40) . In addition, SV40 sequences were detected in earlier studies with a similar prevalence (16%) by PCR assays in healthy blood donors (48) .
Interestingly, SV40-positive MPM sera had a higher prevalence (26%) than that of workers exposed to asbestos fibers (9%), an immunosuppressive mineral (34, 35) , suggesting that asbestos may depress the immune system of these workers. A lower prevalence of SV40-positive sera was also detected in pregnant women (13%). This result is probably due to pregnancy, which induces immune tolerance in women. Serum samples from MPM-affected patients had a prevalence of SV40 antibody that was higher than that of these cohorts of controls, that is, pregnant women and workers exposed to asbestos. The difference was statistically significant.
In should be noted that the prevalence of SV40 antibodies determined in asbestos-exposed workers and pregnant women reflects the seroprevalence of the general population. Altogether, this result remarks on the significance of the higher seroprevalence detected in the MPM patient cohort.
The onset and progression of MPM, as for other cancers, are associated with specific gene mutations (18, 19) . However, the Fig. 2 . Prevalence of SV40-positive serum samples in patients with malignant pleural mesothelioma, workers exposed to asbestos fibers, and pregnant women. To compare the prevalence of MPM, workers exposed to asbestos fibers, and pregnant women, three different groups of healthy subjects (HS) were chosen with the same median age and sex. Statistical analysis was performed by the χ 2 test with Yates' correction. Statistical analyses revealed significant differences in SV40 prevalence between MPM and the relative cohort of healthy subjects (P = 0.043) with the subjects exposed to asbestos fibers (P = 0.0046) and with pregnant women (P = 0.036). No statistically significant differences in SV40 seroprevalence were found between the cohorts of pregnant women and subjects exposed to asbestos fibers with their control groups of healthy subjects. *P < 0.05; **P < 0.01. (14) 12 (13) Statistical analysis was performed by the χ 2 test with Yates' correction. The different prevalence of SV40 antibodies for the cohort of mesothelioma-affected patients was statistically significant compared with the cohort of healthy individuals (P = 0.043), the cohort of worker exposed to asbestos fibers (P = 0.0046), and the cohort of pregnant women (P = 0.036).
agents responsible for the occurrence of mutations/chromosome alterations are poorly understood. Although asbestos is considered the main cause, SV40 may be an additional candidate for causing mutations and chromosome alterations in tumors. SV40 was found to be mutagenic in human cells (20, 31) . The viral oncoprotein Tag induces mutations and chromosomal damage characterized by numerical and structural chromosomal alterations such as gaps, breaks, dicentric and ring chromosomes, chromatid exchanges, deletions, duplications, and translocations (20) . Alternatively, SV40, although able with its Tag oncogene to bind and inactivate p53-and pRB-family proteins, could only be a passenger virus, multiplying better in some transformed cells than in normal cells. Indeed, it has been proved that normal human mesothelial cells as well as other normal human cells are only semipermissive to SV40 multiplication (49) (50) (51) (52) . The high prevalence of SV40 antibodies in sera from MPM-affected patients is not proof of cause and effect in inducing human tumors by SV40. However, one may postulate that after infecting the host, SV40 may exert its tumorigenic potential when the immune system is impaired. If SV40 is proven to act as a tumor agent in humans, new therapeutic/preventive strategies could be applied with antiviral drugs or vaccines.
Materials and Methods
Human Samples. Serum samples were collected in different Italian institutions during 2006-2012. Anonymously collected sera were coded with indications of age and sex. Informed written consent was obtained from patients and healthy subjects. The project was approved by the County Ethical Committee, Ferrara, Italy. Different cohorts were homogeneously clustered by age, sex, and pathology, if any. Sera from MPM-affected patients (n = 97) were from the universities/hospitals of Brescia, Casale Monferrato, Pisa, and Trieste, whereas sera from asbestos-exposed workers (n = 90) were from the University of Pisa. Sera from pregnant women (n = 94) were from the Istituto Superiore di Sanità, Rome, whereas those from normal individuals (n = 168) and healthy blood donors (n = 299) were from the universities/hospitals of Alessandria, Ferrara, Novara, Republic of San Marino, Rome, and Trieste. Human sera from three different groups of healthy subjects were analyzed: (i) Healthy individuals (n = 168, 66 y median age) were analyzed to compare SV40 seroprevalence with that detected in mesothelioma patients. (ii) Healthy blood donors (n = 125, 36 y median age) was the control group analyzed in comparison with pregnant women. (iii) Healthy blood donors (n = 174, 54.5 y) was the control group analyzed in comparison with the group of workers exposed to asbestos fibers.
SV40 Mimotopes.
Computer-assisted analyses allowed us to select two specific SV40 peptides from the late viral region by comparing the three capsid proteins VP 1-3 from SV40 with the amino acids of the human BK (BKV) and JC (JCV) polyomaviruses, which are highly homolog to SV40, as well as with other, less homologous, polyomaviruses (33) . Previous ELISA results indicated that the two SV40 peptides did not cross-react with the BKV and JCV hyperimmune sera used as controls (33) . The two peptides belong to the viral capsid proteins VP1/VP2/VP3 (www.ncbi.nlm.nih.gov/nuccore). The amino acid sequences of the two peptides, named VP1 B and VP2/3 C, are as follows: VP1 B: NH 2 -NPDEHQKGLSKSLAAEKQFTDDSP-COOH VP2/3 C: NH 2 -IQNDIPRLTSQELERRTQRYLRD-COOH VP1 B and VP2/3 C mimotopes were selected because they react specifically in indirect ELISA with the rabbit hyperimmune serum that had been experimentally immunized with SV40 (positive control serum). BKV and JCV hyperimmune sera did not react with VP1 B and VP2/3 C peptides (negative control sera). The amino acid residues of the two specific SV40 VP peptides show low homology to the VPs of BKV and JCV (33) . The human peptide hNPS, amino acid sequence SFRNGVGTGMKKTSFQRAKS, was used as a negative control peptide (53) . The synthetic peptides were synthesized by standard procedures and purchased from UFPeptides.
Control Immune Sera. Hyperimmune sera against SV40 and BKV were obtained in rabbits inoculated with purified viral stocks as previously reported (54) (55) (56) . The serum against JCV was kindly provided by E.O. Major (Laboratory of Molecular Medicine and Neuroscience, National Institute of (21) 27 (15) Statistical analysis was performed by the χ 2 test with Yates' correction. No statistically significant differences of SV40 seroprevalence were found between the cohorts of pregnant women and healthy blood donors (P = 0.43) and between the cohorts of subjects exposed to asbestos fibers and healthy blood donors (P = 0.19).
Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD) (57) . The immune serum anti-BKV was titered by the hemagglutination inhibition test using human erythrocytes from the 0, Rh + group (55, 58) .
Anti-SV40 serum was titered by neutralization assay (54, 59) .
Indirect ELISA. Indirect ELISA was developed and standardized to detect specific antibodies against SV40 in human sera using synthetic peptides (33) . Peptide coating. Plates were coated with 5 μg of the selected peptide for each well, diluted in 100 μL of coating buffer (Candor Bioscience). Peptide blocking. Blocking was done with 200 μL per well of blocking solution (Candor Bioscience) at 37°C for 90 min. Primary antibody addition. Different wells were covered with 100 μL containing the following sera: positive control, represented by immune rabbit serum containing anti-SV40 antibodies; negative controls, represented by immune sera anti-BKV and anti-JCV and human serum samples under analysis diluted at 1:20 in low cross-buffer (Candor Bioscience). Each sample was analyzed three times. Secondary antibody addition. The solution contained a goat anti-human IgG heavy chain-and light chain-specific peroxidase conjugate (CalbiochemMerck) or peroxidase-labeled affinity-purified antibody to human IgM ν (KPL) diluted 1:10,000 in low cross-buffer. Dye treatment and spectrophotometric reading. Samples were treated with 100 μL of 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid solution (SigmaAldrich) and then read by spectrophotometer (Thermo Electron; model Multiskan EX) at a wavelength of 405 nm. This approach detects color intensity in wells by OD where immunocomplexes are formed. Automatic ELISA. Indirect ELISA was transferred and repeated on the automatic processing system with a DSX instrument (Dynex Technologies). Cutoff determination. The cutoff was determined in each assay by an OD reading of two negative controls added to the SD and multiplied three times (+3 SD). Sera with antibodies against SV40 were considered VP-positive upon reaction with both peptides from the late region. The reproducibility of the results was assessed with three duplicated experiments carried out by independent operators with no data variability.
Statistical Analysis. Statistical analyses were performed using Prism software (GraphPad). Data are presented as a percentage of positive samples. Differences among proportions of percentages were calculated by χ 2 with Yates' correction testing in contingency tables. Human sera from three different groups of healthy subjects were analyzed: (i) healthy individuals (n = 168, 66 y median age) were analyzed to compare SV40 seroprevalence with that detected in mesothelioma patients; (ii) healthy blood donors (n = 125, 36 y median age) was the control group analyzed in comparison with pregnant women; and (iii) healthy blood donors (n = 174, 54.5 y) was the control group analyzed in comparison with the group of workers exposed to asbestos fibers. The serologic profile of serum antibody reactivity to SV40 mimotopes was statistically analyzed using a Student's unpaired t test. P values less than 0.05 were considered statistically significant.
